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ABSTRACT 
 
Author: KERRYN NEWEY 
Title: THE DEVELOPMENT OF AN OPTIMISED ROTOR 
SOFTWARE DESIGN TOOL TO IMPROVE PERFORMANCE 
OF SMALL HORIZONTAL AXIS WIND TURBINES 
 
Horizontal axis wind turbines are by far the most common and well 
understood forms of wind turbine.  Typically a large amount of research and 
development has been invested in the technology of large scale wind turbines.  
Unfortunately, development of small machines (rotor diameter smaller than 10 
metres) has not been as forthcoming.  The advantages of small turbines are 
that they are accessible to the individual consumer and they are a very 
attractive project for the home builder.  The disadvantage of small turbines is 
that due to the negative influence of economies of scale, they tend to be 
costly in relation to their power output and suffer from a long-term return on 
investment.  Furthermore, trends in the wind industry have shown that smaller 
machines tend to be relatively simple devices that have been developed with 
very little research and development.  As a result, small turbines can be 
inefficient, unreliable and expensive to maintain.  In many cases rotor design 
is less than optimal, with very little blade refinement.  This is especially critical 
for small rotors due to low Reynolds Number operation.  Further exacerbating 
the problem is that the rotors are typically not well matched to the generator.  
In many cases the machines are not suited to the wind speed range in which 
they are designed to operate, reducing the financial viability due to poor 
performance. 
 
It is envisaged that by applying optimising techniques and automating some of 
the design complexities into a software design tool, more cost-effective and 
viable machines can be developed that will deliver improved performance and 
therefore become more financially viable. 
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GLOSSARY OF TERMS 
 
A 
Aerodynamics – refers to the physics of motion of air especially when it 
interacts with a moving object. 
Airfoil - a structure with curved surfaces designed to give the most favourable 
ratio of lift to drag in flight. 
AC – alternating current which describes electricity in which the electric 
current periodically reverses direction in the form of a sine wave. 
Alternator – a mechanical device that converts mechanical energy into 
electrical energy in the form of alternating current. 
Asymmetrical – refers to the absence of symmetry. 
 
B 
Blade Element Momentum Theory (BEMT) – is a mathematical model 
applied to the design of wind turbine rotors. 
 
C 
CAD (Computer Aided Design) - is the use of computer technology for the 
process of design and design-documentation. 
CAM – Computer Aided Manufacturing. 
Cd – drag coefficient; ratio of the drag on a body moving through air to the 
product of the velocity and the surface area of the body. 
Centre of Pressure – is the aerodynamic centre of an airfoil through which 
the lift and drag forces act. 
Chord – straight line measurement of the length of an airfoil cross section 
from the tip of the leading edge to the tip of the trailing edge. 
Cl – lift coefficient; a dimensionless coefficient that relates the lift generated 
by an aerodynamic body such as an airfoil. 
CLTD – Centre for Learning, Teaching and Development (based at WSU). 
CNC (Computer Numerically Controlled) – a computer controller allowing 
for digital machine tool control. 
Composites, Composite Fibres, Composite Materials - are engineered or 
naturally occurring materials made from two or more constituent materials with 
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significantly different physical or chemical properties which remain separate 
and distinct at the macroscopic or microscopic scale within the finished 
structure.  Examples are glass reinforced plastic (commonly referred to as 
“glass fibre”), carbon fibre and kevlar, which are commonly combined with a 
resin substrate. 
Computational Fluid Dynamics (CFD) - is one of the branches of fluid 
mechanics that uses numerical methods and algorithms to solve and analyse 
problems that involve fluid flows. 
 
D 
DC – direct current; electric current flowing in one direction only. 
Direct Drive – refers to an alternator which is driven directly by the wind 
turbine rotor without any form of gearing in-between. 
3D (Three Dimensional) – something have three-dimensional shape. 
Design Point of Operation – a singular point at which the rotor and alternator 
power curves intersect. 
 
E 
Economies of Scale – refers to the cost advantages due to expansion 
whereby the average costs per unit falls as the output is increased. 
Energy Capture – is the measure of energy which is harnessed or has the 
potential to be harnessed from it source. 
ELIDZ – East London Industrial Development Zone. 
 
F 
Finite Element Analysis (FEA) - is a numerical technique for finding 
approximate solutions of partial differential equations as well as of integral 
equations used to predict mechanical, thermal, frequency, and dynamic 
performance of mechanical structures. 
FloEFD – an engineering based CFD software tool supplied by Mentor 
Graphics® 
Fluttering – unsteady aerodynamic flow over a rotor leading to load 
imbalances and vibration. 
Furling – see Tail Furling. 
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G 
GL-PMG-1800 – 1.8 kW permanent magnet generator for wind turbine 
applications manufactured by Ginlong Technologies (China). 
 
H 
HDI – Historically Disadvantaged Institution. 
Horizontal Axis Wind Turbine (HAWT) – a turbine with the rotor plane 
rotating about a horizontal axis. 
Hub – is the central portion of the rotor to which the blades are attached.  The 
hub also serves the purpose of mounting the rotor to the generator shaft. 
 
L 
Layup(s) – refers to the layers of composite materials and their orientation in 
order to engineer the desired mechanical properties. 
 
M 
Mould – refers to a hollowed-out block that is packed with composite fibres 
and resin which adopt its shape after curing (hardening and setting). 
 
N 
Nastran / Partran - a comprehensive computer aided engineering numerical 
tool (FEA) for solving stress, strain, deformation, thermal and dynamic 
analysis problems. 
NMMU – Nelson Mandela Metropolitan University, a comprehensive university 
based in Port Elizabeth, South Africa. 
NREL – National Renewable Energy Laboratory, United States Department of 
Energy. 
NUFFIC - Netherlands organisation for international cooperation in higher 
education. 
 
P 
Permanent Magnet Generator/Alternator (PMG) – this refers to an 
alternator that relies on permanent high-strength magnets which create the 
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magnetic flux required to generate electricity.  These types of generators are 
the most widely used for small wind turbines. 
 
R 
Renewable Energy – is a renewable energy source which comes from 
natural sources such as the sun, wind, water, tides and geothermal heat. 
Re – Reynolds Number; a dimensionless number that gives a measure of the 
ratio of inertial forces to viscous forces in a flowing fluid. 
Rotor – refers to the wind turbine blades which are assembled onto a hub.  
The rotor acts as a rotating wing, generating lift force from the wind flow, 
which in turn spins an alternator. 
Rotor Loading – a measure of a rotor‟s effectiveness in producing power. 
Rotor Solidity – ratio of the blade surface area to swept area. 
Rotating Wing – a wing that is rotated about a central axis which is 
perpendicular to the plane of operation of the wing, as in the case of a 
propeller, helicopter rotor or wind turbine rotor. 
 
S 
SMME – Small, Medium and Micro Enterprise. 
Span – distance from blade root to tip. 
Siemens NX – a mainstream high-end CAD software platform. 
 
T 
Tail Furling – a method commonly use in small HAWT‟s to provide control of 
power output during periods of excessive wind speed.  It is a passive system 
that relies on the balance of the weight of the tail section and the aerodynamic 
forces that act on it. 
TIA – Technology Innovation Agency. 
Turbine – refers to wind turbine. 
 
W 
WSU – Walter Sisulu University, an HDI comprehensive university based in 
the Eastern Cape, South Africa. 
Windmill – in context, the same as a wind turbine. 
 _____________________________________________________________  
 _____________________________________________________________  
xiv 
Wind Energy – refers to the energy available in the wind which can be 
usefully extracted. 
Wind Turbine – a rotating device that extracts energy from the wind 
converting it into electricity. 
 
Y 
YAW – twisting or moving the rotor out of the main wind stream by means of 
rotation about the tower vertical axis. 
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CHAPTER 1: PROJECT SCOPE 
CHAPTER 1 
PROJECT SCOPE 
 
1.1 BACKGROUND 
During the winter of 1887-88, Charles F. Brush (1849-1929), one of the 
founders of the American electrical industry built what is today believed to be 
the first automatically operating wind turbine for electricity generation.  It was 
a giant - the World's largest - with a rotor diameter of 17 m (50 ft.) and 144 
rotor blades made of cedar wood.  The turbine ran for 20 years and charged 
the batteries in the cellar of his mansion (1,2). 
 
A Dane, Poul la Cour (1846-1908), one of the pioneers of modern 
aerodynamics, discovered that fast rotating wind turbines with few rotor 
blades are more efficient for electricity production than slow moving wind 
turbines (1,2). 
 
During the 1940‟s and 1950‟s the Danish continued with wind turbine 
development through an engineering company, F. L. Smidth.  Johannes Juul, 
a student of Poul la Cour, became a pioneer in developing the world‟s first 
alternating current wind turbine, the Gedser Wind Turbine (1,2) 
 
In the 1980‟s the world saw the first development of small wind turbines for 
private households.  A carpenter, Christian Riisager, built a small 22 kW wind 
turbine in his own backyard using the Gedser Wind Turbine design as a point 
of departure. He used inexpensive standard components (e.g. an electric 
motor as generator, and car parts for gear and mechanical brake) wherever 
possible (1,2). 
 
The Nordtank 55 kW generation wind turbines which were developed in 1980-
1981 became the industrial and technological breakthrough for modern wind 
turbines.  This led to the “Great California Wind Rush” where literally 
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thousands of these machines were delivered to the wind programme in 
California (2). 
 
Wind energy is widely accepted today as one of the leading sources of 
renewable energy.  Research and development continues to improve 
performance and energy capture. 
 
1.2 INTRODUCTION 
The main purpose of the research is to provide an intuitive software tool for 
the optimised design of small horizontal axis wind turbine rotors.  The 
research is targeted at the home builder market as well as smaller commercial 
manufacturers with little or no research and development capacity.  It can be 
seen from Hugh Piggott, (3) a pioneer in the home build wind turbine industry, 
that this sector is generally large (global) with potential for growth. 
 
Typically, small wind turbines are costly and suffer from poor performance.  
They tend to be unreliable and are noisy and unsafe.  Due to the trend of 
economy of scale between large machines and the poorly designed small 
machines, the equivalent performance of small machines is only 
approximately half that of big machines (4).  A resultantly long pay-back 
period on the initial investment therefore exists and in some cases is never 
achieved.  „Small turbines must become more productive and more reliable to 
fulfil their promise‟ says Paul Gipe, (4).  „Home wind turbines are generating a 
fraction of the energy promised by manufacturers, and in some cases use 
more electricity than they make‟ reported Juliette Jowit (5). 
 
Comments by Michael Klemen suggested a number of „Simple Rules for 
Small Wind Turbine Design‟ (6).  These were: 
 
 Make them more user friendly. 
 Make them easier to maintain. 
 Make them easier to install. 
 Make them cheaper. 
Chapter 1 Project Scope 
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 Make them so that nobody notices they are there. 
 
This research attempted to address some of these issues indirectly through 
optimisation and improvement in design. 
 
1.3 PROBLEM STATEMENT 
To develop a software design tool that will lead to improved designs and 
therefore improved performance of small HAWT‟s for home and commercial 
builders. 
 
1.4 SUB-PROBLEMS 
Sub-problems were identified and represented in a number of steps intended 
to satisfy the problem statement. 
 
The first step would be to develop a software rotor design tool based on the 
blade element momentum theory developed by Jansen and Smulders (7) and 
existing low Reynolds Number airfoil profiles.  Following this, the software 
design tool would need to be validated and calibrated by means of 
Computational Fluid Dynamics (CFD). 
 
The second step would be to identify, select and purchase a suitable existing 
off-the-shelf direct drive permanent magnet alternator suitable for a small 
HAWT.  The alternator performance (as tested by the manufacturer) would be 
incorporated into the software design tool as a control.  All subsequent theory, 
testing, validation and calibration would be based on this alternator setup for 
rotor-generator matching, optimisation and prediction of overall turbine 
performance.  An optimum rotor would be designed using the software tool 
which would be used for CFD and experimental validation. 
 
The third step would be to develop a 3D CAD model of a rotor blade 
corresponding to the optimum rotor design.  An investigation would then be 
undertaken to select suitable composite fibres, resins and layups for blade 
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manufacture.  Basic FEA structural and modal analysis would be conducted 
supported by simple theoretical calculations to verify rotor structural integrity 
(although not an integral part of the research). 
 
The fourth step would be to manufacture a set of rotor blades for experimental 
validation.  Blade moulds would be CNC machined from which blades could 
be moulded.  Blades would be manufactured using suitable composite 
materials by means of a suitable moulding technique for hollow asymmetrical 
sections.  Ancillary components would be designed and manufactured for hub 
mounting the rotor and turbine assembly to the test rig. 
 
The fifth step would be to conduct live experimental testing using a towed test 
rig in a free air environment.  The data would be interpreted and analysed for 
the purpose of validating the software design tool. 
 
The sixth step would be to organise the software into a useable design tool. 
 
1.5 HYPOTHESIS 
The development of an optimised software design tool will yield a more 
refined rotor design and a definite improvement in rotor-alternator matching; 
thereby improving performance for small HAWT‟s for the home built and small 
commercial turbine manufacturers. 
 
1.6 RESEARCH METHODOLOGY 
There are a number of key methods of approach, with the attempt at 
justification as follows: 
 
Literature Survey 
Fundamental to the research is an extensive literature survey of the topics 
pertinent to the research in the following focus areas: 
 Overview of wind turbine technology 
 Performance of small HAWT 
Chapter 1 Project Scope 
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 Industry trends related to small HAWT 
 Small HAWT components, operation and usage 
 Small HAWT rotor design theory 
 Permanent magnet alternators suitable for small HAWT 
 Manufacturing using composites applied to hollow asymmetrical 
structures. 
 Composites analysis and structural performance 
 Computational Fluid Dynamics simulation methodology applied to high 
speed wind turbine rotors and/or applied to rotating airfoils. 
 Testing of small HAWT rotors and turbine performance 
 
Blade Element Momentum Theory: Rotor Design for Small HAWT 
Since Blade Element Momentum Theory (BEMT) is considered the 
appropriate tool for rotor design of small HAWT, it formed the basis for all 
theoretical calculations.  The relevant formulae, respective graphs and tables 
(7) were incorporated into the software design tool thereby simplifying and 
speeding up design iterations. 
 
Low Speed Permanent Magnet Alternator 
The research utilised an off-the-shelf permanent magnet alternator (designed 
specifically for wind turbines) with the relevant performance data as supplied 
by the manufacturer.  This formed the control for the rotor design and all 
subsequent experimentation and validation.  It was assumed that the 
manufacturer‟s data was within a suitable level of accuracy thereby 
eliminating excessive variables which were not within the research scope. 
 
Software Design Tool 
A small un-geared HAWT is comprised of essentially two mechanical 
systems, a rotor and a generator, which are rigidly coupled together.  In highly 
simplified terms, the rotor performance is determined by aerodynamic theory 
pertaining to lift and drag (an airfoil) which reduces the momentum of the wind 
stream, thereby extracting energy.  The alternator is a mechanical device 
which comprises a series of copper wire windings rotating in a magnetic field 
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which works to create electricity.  Essentially the two systems have different 
performance curves based on different variables which complicate the design.  
The objective was to develop the software design tool that incorporated the 
rotor variables which could be adjusted to best match the performance 
parameters of a known alternator.  Since the two systems have a mutual 
influence on each other they cannot be considered in isolation.  Design 
iterations would be made quicker and easier supported by automated 
calculations and a graphical (visual) interface. 
 
Intermediary Calibration and Verification 
Since experimental validation requires considerable time and expense, the 
objective was to utilise CFD software for calibration and verification as an 
intermediary step.  Due to the significant parameters affecting performance 
and the variables involved, it was expected that CFD would only provide a 
guideline at best. 
 
Blade Manufacture 
Although not a primary focus of the research, blade manufacture was 
however, an important consideration.  Appropriate care was taken in 
developing the relevant manufacturing technique most suited for moulding 
hollow asymmetrical structures providing the necessary performance criteria 
for structural integrity and efficient material usage. 
 
Experimental Validation 
During testing some of the following parameters were monitored and 
recorded: 
 Wind speed (free air stream) 
 Angular speed of rotor/alternator 
 Turbine power output 
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Output 
It was envisaged that it would be possible for the software to adequately 
perform as a rotor design tool to better match the rotor and generator systems 
and thereby provide for better turbine designs. 
 
1.7 DELIMITATIONS 
The following limitations were identified based on the available test setup: 
 The research focused predominantly on the optimisation of the rotor 
design. 
 The research aimed to use an existing commercial alternator as a control 
and did not focus on the optimisation thereof.  The alternator performance 
curve was incorporated into the software tool to provide a known condition 
for the rotor validation in order to ensure a well-matched system. 
 The effects of rotor noise were not investigated. 
 Analysis, performance and optimisation of airfoil profiles did not form part 
of the study.  Only existing low Reynolds Number airfoil profiles suitable 
for small HAWT were used. 
 The structural integrity of blades did not form a predominant part of the 
study. 
 The research only considered a blade that had the same airfoil profile 
along its entire span (length: from root to tip). 
 Over-speed/Power control measures did not form part of this study. 
 
1.8 ASSUMPTIONS 
It was assumed that by using BEMT coupled with the known performance 
criteria of a PMG (provided by the manufacturer) into a software design tool, 
an effective method for designing small HAWT would be provided. 
 
1.9 SIGNIFICANCE OF THE RESEARCH 
There is a global drive which exists to curb greenhouse gases, reduce global 
warming and generally create awareness of our responsibility to look after our 
environment.  People are starting to realise that this is not purely the 
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responsibility of the big corporations, but that each individual can have an 
impact for a greener lifestyle.  Evidence of this can be seen in the rapidly 
growing national solar water heating industry in South Africa.  Although this 
can be attributed largely to the increase in cost of electrical power supply, it 
has the added benefit of reducing carbon emissions and creating a culture of 
energy saving.  With the acceptance of solar water heating technology it is 
envisaged that this can also lead to a growth in the “home” wind energy 
sector.  Already there is considerable interest that has been shown in large 
scale wind energy production.  The challenge lies in producing smaller 
turbines that are efficient, require low maintenance, provide significant energy 
capture and benefit from a shorter pay-back period.  This research is 
significant in that it attempted to indirectly solve some of these problems and 
this would lead to acceptance of the technology and therefore greater use. 
 
On a socio-economic level, the research could impact positively on remote 
rural communities by providing a source of clean energy, especially for off-grid 
applications for schools, clinics and communication equipment. 
 
The research is significant to the Nelson Mandela Metropolitan University 
because it supports their renewable energy programme.  It will also support 
the Walter Sisulu University by providing the necessary catalyst to establish a 
research culture within the Department of Mechanical Engineering.  
Furthermore it is perfectly aligned with the Department‟s selected research 
niche area in renewable energy. 
 
The research will also compliment industry through the Centre of Excellence 
in Renewable Energy which has been established in the East London 
Industrial Development Zone (EL IDZ). 
 
Although the research was aimed predominantly at the small commercial and 
home builder, and it could indeed have a positive impact on this sector, it can 
also be used as a cost effective tool for developing larger rotors. 
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CHAPTER 2: INTRODUCTION & CONCEPTUAL METHOD 
CHAPTER 2 
INTRODUCTION & CONCEPTUAL METHOD 
 
2.1 INTRODUCTION 
The main purpose of the research was to provide an intuitive spreadsheet 
based software tool for the optimised design of small horizontal axis wind 
turbine rotors.  The research was targeted at the home builder market as well 
as smaller commercial manufactures with little or no research and 
development capacity. 
 
2.2 CONCEPTUAL METHOD 
In most cases, small wind turbines utilise variable speed direct drive 
permanent magnet alternators to generate electrical power.  The rotor is 
therefore mounted directly to the alternator drive shaft as a direct coupling.  
As the wind speed increases, so does the turbine speed and therefore the 
power output.  However, the rotor and alternator performance are governed 
by fundamentally different equations.  Whereas the alternator power (in 
theory) is essentially a straight line graph (directly proportional to the shaft 
speed), the rotor power is proportional to the wind speed cubed.  The result is 
the alternator is driven by essentially a “miss-matched” power source. 
 
This means that at lower rpm, the alternator can absorb more power than the 
rotor can produce and at higher rpm (wind speed) the rotor produces more 
power than the alternator can absorb.  The turbine graph is thus a 
combination of these two curves.  The research does not attempt to address 
the turbine performance curve, but rather a conceptual method to match the 
rotor / alternator according to a static “design” or “operating” point; 
corresponding to the intersection between the two performance curves. 
 
The focus was therefore to develop a spreadsheet design tool based on Blade 
Element Momentum Theory (BEMT) for rotor design matched to the 
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performance curve of a commercial (off-the-shelf) permanent magnet 
alternator.  The alternator of choice was the Ginlong GL-PMG-1800, a 1.8 kW 
3-phase unit manufactured by Ginlong Technologies, China.  Ginlong were 
able to provide sufficiently detailed performance data for their alternator which 
made it ideal for the purpose. 
 
 
Figure 2.1  Illustration of theoretical rotor & alternator power curves 
 
The first validation tool used to verify the validity of the spreadsheet design 
tool was numerical modelling by means of Computational Fluid Dynamics 
(CFD).  The second validation tool was to perform experimental testing. 
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CHAPTER 3: ROTOR DESIGN THEORY 
CHAPTER 3 
ROTOR DESIGN THEORY 
 
3.1 INTRODUCTION 
The rotor design theory explained in this chapter is based on blade element 
momentum theory from the work done and published by W.A.M Jansen and 
P.T. Smulders titled “Rotor Design for Horizontal Axis Windmills” (7).  The 
design procedure is quite simple provided there is a good understanding of 
some basic ideas and concepts.  The illustrated theory which follows forms 
the development platform for the software design tool. 
 
3.2 AVAILABLE WIND POWER (FREE AIR STREAM) 
Consider a cylindrical “stream” of air with a cross sectional area , an 
undisturbed velocity  and density . 
 
 
Figure 3.1  Cylindrical air stream 
 
The power available in the wind stream (kinetic energy per second) due to its 
momentum is expressed as follows: 
 
  (3-1) 
 
Where the mass flow rate can be expressed in terms of the density and 
volume flow rate: 
 
  (3-2) 
v∞ 
A 
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And the volume flow rate in terms of the undisturbed velocity  and the cross 
sectional area : 
 
  (3-3) 
 
Therefore the power available due to the undisturbed wind stream in terms of 
the geometric cross sectional area: 
 
  (3-4) 
 
Some interesting conclusions can therefore be drawn: 
 The power is directly proportional to the density. 
 The power is proportional to the swept area of the rotor where  
and, therefore, the blade radius squared .  Increasing the radius by a 
factor of 2, increases the power output by a factor of 4. 
 The power is proportional to the wind speed cubed.  Increasing the wind 
speed by a factor of 2, increases the power output by a factor of 8. 
 
3.3 BASIC AIRFOIL THEORY RELATED TO A HAWT 
In order to extract power from the wind an airfoil section is used which is 
essentially a specifically designed and engineered device to extract lift from a 
moving stream of air.  The airflow creates a lift force which is perpendicular to 
the flow and the drag force which is in the same direction as the flow as 
shown in Figure 3.2. 
Chapter 3 Rotor Design Theory 
 _____________________________________________________________  
 _____________________________________________________________  
13 
 
Figure 3.2  Typical airfoil cross-section 
 
The angle of the airfoil described between the chord line and the direction of 
the airstream is known as the angle of attack (α).  A greater angle of attack 
generates more lift at a corresponding ratio of drag until the airfoil stalls.  In 
order to determine the optimum angle of attack (balance between lift and drag 
forces) and to adequately describe airfoil performance irrespective of size, 
dimensionless coefficients for lift and drag are used.  Lift and drag coefficients 
are therefore described as follows: 
 
  (3-5) 
 
  (3-6) 
 
Where L and D refer to the lift force and drag force respectively. 
 
Typically, the airfoil characteristics are illustrated as graphs of lift vs angle of 
attack and lift vs drag coefficients (see Figure 3.3 for an example of a typical 
Naca 4412 airfoil profile).  The optimum Cl/Cd ratio is determined by drawing 
a straight line from the zero point to a tangent of the Lift vs Drag Characteristic 
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curve (dotted red line).  Where the tangent touches the curve a horizontal line 
is extended onto the Lift vs Angle of Attack graph (dotted green line). 
 
 
Figure 3.3  Airfoil lift/drag characteristics 
 
The intersection point between this line and the Cl/α gives the optimum angle 
of attack (based on 2D airfoil data), in this example 5° (dotted black line).  The 
maximum possible power is obtained when the drag to lift ratio is a minimum 
(or conversely when the lift to drag ratio is a maximum). 
 
3.4 RELATIVE VELOCITY ON THE AIRFOIL SECTION 
An airfoil “section” of a wind turbine blade, due to its rotation, “sees” a relative 
wind velocity.  As illustrated in Figure 3.4 the relative velocity component in 
the plane of rotation results in a lift force.  The tangential component of the 
drag force opposes the tangential component of the lift force and therefore 
acts as a braking force.  As previously discussed, it is therefore essential to 
minimise the drag in relation to the lift corresponding to the optimum lift/drag 
ratio. 
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Figure 3.4  Airfoil velocity, lift/drag force vectors 
 
Figure 3.4 also graphically illustrates the angles that the airfoil chord makes in 
relation to the direction of rotation.  The important angles are as follows: 
 Blade Setting Angle; the angle between the direction of rotation and the 
airfoil chord line. 
 Angle of Attack; the angle between the Relative Air Velocity and the airfoil 
chord line. 
 Relative Velocity Angle; is the angle between the direction of rotation and 
the Relative Air Velocity as “seen” by the moving rotating blade section. 
The lift force has a working component in the tangential direction which 
corresponds to the direction of rotation.  The drag force has a working 
component tangential but opposite in direction to the direction of rotation. 
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3.5 DIMENSIONLESS COEFFICIENTS 
In order to compare characteristics of different wind turbine designs under 
different wind conditions, mechanical power is multiplied by a factor  which 
is called the power coefficient. 
 
 (3-7) 
 
Similarly the local speed  of the rotor at a given radius  divided by the wind 
speed is termed the local speed ratio. 
 
 (3-8) 
 
More commonly, wind turbines are described by their tip speed ratio which is 
the speed  of the rotor at maximum radius , divided by the wind speed. 
 
 (3-9) 
 
3.6 BASIC WIND TURBINE CHARACTERISTICS 
The power coefficient  in equation (3-7) is not an efficiency, but may be 
interpreted as a measure of how successful a wind turbine is in transforming 
wind energy into mechanical energy.  For a specific design of wind turbine,  
varies with tip-speed ratio.  In dimensionless form this is shown in a graphic 
format of  vs  as shown in Figure 3.5. 
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Figure 3.5  Power coefficient vs tip speed graph 
 
This characteristic is independent of air density , wind speed  and blade 
radius .  It can also be seen from Figure 3.5 that an optimum tip speed ratio 
exists that will give a corresponding maximum value of . 
 
3.7 BETZ COEFFICIENT 
The power coefficient  is defined as a measure of the success a rotor has in 
extracting mechanical power from the wind.  Of importance is how much 
power can be transformed and how this transformation can be maximised.  
Unfortunately, it is not possible to transform all the available kinetic energy 
into useful power.  Assuming the turbine rotor is substituted by an actuator 
disk as shown in Figure 3.6, then as the wind passes over the disk it 
decelerates due to the rate of change of momentum as the kinetic energy is 
reduced and power is extracted.  If the free air flow is relatively undisturbed, 
the mass of air flow will be large but the kinetic energy extracted will be small.  
Consequently, if the kinetic energy extracted is large (i.e. the wind is largely 
decelerated), the mass flow of air across the disk will be small.  Unfortunately, 
not all the kinetic energy can be extracted as the air velocity behind the rotor 
 would be zero.  All the air would then be diverted around the rotor and no 
power would be extracted. 
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Figure 3.6  Actuator disk 
 
Betz was the first theoretician to show that theoretical maximum energy is 
extracted if: 
 
 (3-10) 
 
And; 
 
 (3-11) 
 
Considering the axial induction factor  (the degree of which the air at the 
turbine differs from the air far away from the turbine): 
 
 (3-12) 
 
∞ 
∞ 
∞ 
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Betz was able to determine an expression for the power coefficient  in terms 
of the axial induction factor  as follows: 
 
 (3-13) 
 
Substituting equations (3-11) and (3-12) into equation (3-13) Betz determined 
the optimum theoretical maximum power coefficient as the Betz limit where: 
 
 (3-14) 
 
This value is, however, only valid for a theoretical design for a high tip speed 
ratio rotor with an infinite number of blades with zero blade drag and tip 
losses.  The effects of these deviations and losses are expressed in the 
following three sections. 
 
3.8 EFFECT OF WAKE ROTATION ON MAXIMUM POWER 
COEFFICIENT 
Rotor torque is produced by forces acting on the rotor blades in a tangential 
direction.  These forces are a direct result of velocity change from an axial to a 
tangential direction.  Since the air has no tangential velocity upstream of the 
rotor, the velocity change means that downstream of the rotor the wake 
rotates in an opposite direction to the direction of rotation.  This wake rotation 
constitutes a loss of energy because it contains kinetic energy.  For a slowly 
rotating rotor, the torque is high and the wake rotation losses are high.  
Conversely a high speed rotor will incur smaller losses. 
 
Because the wake loss effect is related to the rotor speed, an adjustment can 
be made to the Betz coefficient in terms of the tip speed ratio  to approximate 
the loss as follows: 
 
 (3-15) 
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3.9 EFFECT OF BLADE DRAG ON MAXIMUM POWER COEFFICIENT 
The drag coefficient describes the amount of air resistance on the rotating 
blades.  The higher the drag coefficient the higher the drag force (see Figure 
3.4), which increases the rotor losses.  The effect on the maximum power 
coefficient can be described with an approximation in terms of lift vs drag  
and tip speed ratio  as follows: 
 
 (3-16) 
 
3.10 EFFECT OF BLADE TIP LOSSES ON MAXIMUM POWER 
COEFFICIENT 
Losses which occur at the tips of the blades, called tip losses, depend on the 
number of blades and the tip-speed ratio.  These losses can be approximated 
by multiplying the maximum power coefficient by a factor  which is 
described as follows: 
 
 (3-17) 
 
Where  is equal to the number of blades and  is the angle between the 
relative air velocity (as seen by the airfoil profile) and the direction of rotation 
(see Figure 3.4 for reference). 
 
3.11 APPROXIMATION FOR LOSS CORRECTED BETZ COEFFICIENT 
An approximation to account for losses due to wake rotation, blade drag and 
tip turbulence on the maximum power coefficient is described in the following 
equations: 
 
 (3-18) 
 
Substituting into equation (3-18) for equations (3-15), (3-16) and (3-17) gives: 
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 (3-19) 
 
3.12 CALCULATION OF BLADE CHORDS AND BLADE SETTING 
The underlying theory in calculating the blade chord and setting angles is 
complicated and does not form an essential part in supporting the research 
objectives.  Fortunately, only one simple formula in conjunction with a relevant 
graph is needed.  The chord  is described by the following equation: 
 
 (3-20) 
 
The relationship between the local speed ratio  and the angle  (angle 
between relative velocity and direction of rotation) is read off a graph of the 
following equation: 
 
 (3-21) 
 
3.13 EFFECT OF THE REYNOLDS NUMBER 
The performance characteristics of an airfoil depend on the Reynolds number 
 which is defined as: 
 
 (3-22) 
 
Where  is the relative velocity,  is the chord and  is the kinematic viscosity 
of air. 
 
All airfoils have a critical Reynolds number below which the performance of 
the airfoil is severely compromised due to high drag induced losses.  It is, 
therefore, critical that the design of a wind turbine rotor ensures operation 
above the critical Reynolds number across the majority of the blade span.  
Due to the low relative velocity of flow over the blade section close to the axis 
of rotation, this is not always achievable. 
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Figure 3.7 illustrates the performance characteristics of a typical airfoil profile 
under varying Reynolds number conditions. 
 
 
Figure 3.7  Drag polar illustration for NACA 4415 airfoil 
 
It can be clearly seen that the lift vs drag ratio, i.e. performance of an airfoil, 
improves with an increase in Reynolds number.  Unfortunately, small wind 
turbines operate in low Reynolds number conditions and it is therefore 
important to take care in selecting appropriate airfoil profiles in the design. 
 
3.14 CALCULATION OF REYNOLDS NUMBER ON BLADE SPAN 
SECTION 
For the specific condition of the Reynolds number at a particular blade 
section, one multiplies the Reynolds number by a Reynolds number factor 
 of a rotor operating at the optimum tip speed ratio as defined in the 
following equation: 
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 (3-23) 
 
Where; 
 
 (3-24) 
 
Therefore; 
 
 (3-25) 
 
Equations are defined in the publication by W.A.M Jansen and P.T. Smulders, 
(8). 
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CHAPTER 4:  DETERMINING THE DESIGN POINT OF OPERATION 
CHAPTER 4 
DETERMINING THE DESIGN POINT OF OPERATION 
 
4.1 UNDERSTANDING HAWT BASIC PRINCIPLES OF OPERATION 
In an attempt to explain how the spreadsheet design tool would aid in 
improving the performance of HAWT and indeed prove the research 
hypothesis, a basic understanding of the mechanical components was 
required.  A HAWT turbine in its simplest form is essentially comprised of two 
main components, the rotor (power source) and the alternator (load source).  
Although is some cases the alternator is geared to the rotor, for the purposes 
of the research, the rotor was directly coupled to the alternator.  This seemed 
simple enough at face value with a direct coupling between the power and 
load sources.  However, the problem starts to become more complex looking 
at the physics of rotor and alternator performance theory.  As was shown in 
Chapter 3, the theoretical performance of a HAWT rotor is proportional to the 
wind speed cubed (Equation 3-7), resulting in an exponential power curve, 
whereas the theoretical performance curve of a PMG is a straight line graph.  
This discrepancy means that the rotor and alternator curves can only be made 
to intersect at one point (the design operating point).  Here is where a good 
understanding of the relationship becomes crucial.  A fast running rotor (high 
rpm) can be designed to produce the same power as a slow running rotor (low 
rpm).  However, the two rotors will produce different torques corresponding to 
the power output and this needs to best match the load parameters.  When 
one looks at the alternator load it can be anywhere between these two limits 
of upper and lower values.  Therefore, it becomes apparent that the 
performance of the alternator needs to be known so that the rotor can be 
designed appropriately to “match” the generator.  The logical conclusion 
would be to plot the two curves on a single set of axes corresponding to 
power output versus rpm, while including the desired wind speed of operation.  
Figure 4.1 illustrates this conclusion in a simplified example.  The theoretical 
curve derived from the rotor power equation intersects the theoretical 
generator power curve corresponding to a wind speed of 11 m/s.  In other 
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words the turbine will generate around 1.1 kW at 630 rpm in a wind speed of 
11 m/s. 
 
 
Figure 4.1  Rotor/generator power vs rpm illustration 
 
4.2 THE EFFECT OF EFFICIENCY ON THE DESIGN POINT OF 
OPERATION 
The problem becomes progressively more complex when the efficiency of the 
alternator is considered.  Because an alternator is a mechanical system and 
therefore subject to losses, the rotor has to produce additional power to 
compensate for this.  The flow diagram in Figure 4.2 illustrates the basic 
principle. 
 
 
Figure 4.2  Turbine flow diagram 
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It is therefore necessary to show both the theoretical and actual performance 
curves on the same graph to compensate for the losses in the system.  Figure 
4.3 expands on the example in Figure 4.1 but includes the alternator 
efficiency.  In this case, the rotor design corresponds with the theoretical 
alternator power curve and produces 1.1 kW at 550 rpm at a design wind 
speed of 11 m/s.  The rotor power curve has to shift to the left to intersect with 
the steeper alternator curve, with the resultant increase in torque and 
reduction in angular speed.  The result is that due to the alternator losses, the 
actual power output of the turbine will be somewhat less, in this example, 
reduced to approximately 0.975 kW. 
 
 
Figure 4.3  Graphic illustration of static design point 
 
Chapters 3 and 4 provide the fundamental building blocks for the spreadsheet 
design tool and the related attempt to prove the hypothesis. 
 
Chapter 5 Design Tool Workflow Diagram 
 _____________________________________________________________  
 _____________________________________________________________  
27 
CHAPTER 5: DESIGN TOOL WORKFLOW DIAGRAM 
CHAPTER 5 
DESIGN TOOL WORKFLOW DIAGRAM 
 
5.1 WORKFLOW DIAGRAM (DESIGN THEORY) 
The objective of the research was to provide a design tool that would improve 
the performance of small HAWT‟s.  The design tool utilised the rotor design 
theory as explained in Chapter 3 which is based on the work published by 
W.A.M Jansen and P.T. Smulders (7).  One can see from the underlying 
theory that in order to arrive at a good design for the rotor, an iterative 
approach is required.  Assumptions are made, calculations are performed and 
then checked against those original assumptions.  It is, therefore, clear that an 
automated system is desirable which facilitates quick calculations and 
therefore a better convergence on the “ideal” design, explained in Chapter 4.  
Incorporated into the spreadsheet design tool is a series of tables, formulae 
and graphs.  All the calculations were automated and the results viewed in 
real time.  Furthermore, what is lacking in most design theories (typically used 
by small HAWT‟s builders/manufacturers) is the coupling between the rotor 
(power source) and the generator (load).  As the research focused on the 
rotor design (the alternator design and related theory is a complex problem all 
on its own) an attempt was made to combine the rotor design with the 
performance of a known “off-the-shelf” alternator.  For the purposes of 
validating the spreadsheet tool, a Ginlong 1.8 kW alternator was selected as a 
control.  It is designed and manufactured specifically for wind turbine use and 
therefore suitable for the intended purpose.  Similarly, for purposes of 
validating the design tool, the rotor was restricted to the use of the Naca 4412 
airfoil profile (along the complete blade span) with a 6° angle of attack.  A 
bigger data base of alternators (of known performance) and airfoil profiles 
could easily have been added but did not form part of the current project.  The 
following workflow diagram (Figure 5.1) describes the important input and 
output processes for optimising a rotor design for a Naca 4412 blade profile 
coupled to a Ginlong GL-PMG-1800 alternator. 
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The principle summary of workflow can be split into three sections A: Input 
Parameters, B: Output Parameters and C: Static Operating Point, as 
illustrated in Figure 5.1.  Before continuing with a detailed explanation of the 
sequence and relationships between sections A, B and C, it is necessary to 
understand the Static Operating Point which was explained in Chapter 4.  
Sections A, B and C were linked, starting at A with input of data which fed into 
B for the calculations and the results were displayed in C.  Everything was 
displayed in real time so any parameter change in section A was immediately 
visible in section C.  This relationship satisfied the need for immediate display 
of results required through iteration.  The feedback loop from C to A was thus 
fundamentally essential to designing a good rotor matching the alternator 
performance characteristics. 
 
The inputs in section A can be split into fixed and variable parameters.  The 
fixed parameters of the working fluid (air) are determined according to the 
altitude above sea level for which the turbine is designed.  These are Density 
and Kinematic Viscosity and although these can and do vary on atmospheric 
conditions, an average was considered acceptable.  The number of blades is 
usually determined by the design requirements and fixed accordingly.  This is 
discussed in more detail in section 5.2.  The variable parameters are the Tip 
Speed Ratio, the Wind Speed (corresponding to the design) and the Blade 
Radius.  All three of these parameters have a marked effect on the rotor 
performance which may require substantial manipulation to arrive at a suitable 
design of rotor. 
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Figure 5.1  Design tool workflow diagram 
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Not to be forgotten is the importance of the Reynolds Number which 
determines the aerodynamic performance of the airfoil.  It is well established 
that airfoils perform significantly better with increasing Re.  Small HAWT‟s 
operate in a very low Re range.  It is, therefore, imperative to select an 
appropriate Re range for rotor operation.  The Re phenomenon is discussed 
in more detail in 5.3. 
 
 
Figure 5.2  Design point of operation 
 
The outputs in section B provide the necessary information to design a 
suitable rotor to match a specific alternator.  The Power Parameter Graph is 
the most important tool in the design process because it provides a real-time 
Design Point 
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visual result of the input variables.  The aim is to match the rotor and 
alternator power at an intersection point that corresponds to the rated wind 
speed for the intended turbine energy output which is illustrated in Figure 5.2. 
 
Also, output is the blade geometry along the span, split into equal divisions of 
radii from the hub to the tip.  Details of chord length and blade setting angle 
are output.  Furthermore, visual checks for calculated tip speed and Re are 
shown. 
 
Section C relates to the Static Operating Point or the Design Point as 
illustrated in Figure 5.2. 
 
5.2 DISCUSSION ON ROTOR SOLIDITY, NUMBER OF BLADES & 
EFFICIENCY 
The workflow diagram illustrated in Figure 5.1 shows the basic principle in 
designing a rotor to suit an alternator of known performance at a certain 
corresponding wind speed.  Typically, the air conditions (density and viscosity) 
are known within a suitable accuracy for a given site.  The number of blades 
depends on the designer‟s preference.  Usually two to three blades are used 
but some designs use more blades; sometimes up to six.  A rotor with many 
blades can theoretically operate at a higher power coefficient due to a 
reduction in tip losses that occur due to turbulence at the blade tips.  Most 
designs tend to use three (or more) blades because two-bladed rotors tend to 
be noisier due to the higher tip speed ratio and rotor loading.  More critical, 
however, is the tendency of two-bladed rotors to suffer from dynamic and 
gyroscopic imbalances as the rotor yaws.  This is seen as a wobbly or jerky 
motion as the turbine yaws.  When the blades are vertical, there is little 
resistance to yaw, but as the rotor nears the horizontal, the inertia retarding 
the yaw movement reaches a maximum.  Although it has been estimated that 
a third blade will only add approximately 5% extra energy (9), for small 
variable speed wind turbines, it is still attractive to have a third blade, which 
will effectively eliminate undesirable noise and force imbalances (no yaw 
imbalance as the yaw inertia is constant irrespective of blade position) 
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compared to a two-bladed rotor.  With the known air conditions and a sensible 
selection of blade numbers, the rotor design process can commence. 
 
As the number of blades increases, the swept area that‟s taken up with their 
surface area also increases (this ratio of blade surface area to swept area is 
called solidity).  An increase in solidity results in an increase in rotor torque, a 
decrease in tip speed ratio, and proportionately narrower blades.  The typical 
three-bladed rotor is the best compromise for physical strength, cost 
effectiveness and efficiency (10). 
 
5.3 THE REYNOLDS NUMBER EFFECT 
All airfoils have a critical Reynolds number below which the performance of 
the airfoil is severely compromised due to high drag induced losses (as 
discussed in Chapter 3).  In designing a rotor it is therefore imperative to 
ensure that the localised Re on any particular blade section is above this 
critical value, and indeed above the value selected for the input.  This is not 
always achievable close to the blade root due to the low relative velocity of 
airflow over the blade section in this area.  However, this does not significantly 
affect the overall rotor performance.  The Re value selected is normally low 
enough to correspond to the inner ⅓ of the blade but due to the much higher 
velocities over the rest of the blade span, this more than compensates for any 
performance losses.  In fact, the outer third of the blade produces most of the 
usable power and is usually operating in a range above the Re value selected 
for the design. 
 
5.4 ROTOR LOADING 
Rotor loading is the amount of power that a turbine produces relative to the 
rotor swept area, measured in W/m2.  Typically small HAWT‟s have rotor 
loadings of around 250 W/m2 (11). 
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CHAPTER 6: ROTOR DESIGN PROCESS 
CHAPTER 6 
ROTOR DESIGN PROCESS 
 
6.1 CALCULATION INTERFACE (OVERVIEW) 
The spreadsheet consists of 7 interacting tabs performing various design 
calculations and providing the information for the graphical displays.  The 
following bullet points provide a basic descriptive summary of the spreadsheet 
workings/road map.  Further in-depth descriptions (where relevant) are 
provided in 6.2 through 6.7. 
 
 Rotor Calculation (Tab 1): 
This was the main interface tab for the all the necessary inputs and display of 
output information, as illustrated in Figure 6.1. 
 
 
Figure 6.1  Screen shot of main tab of spreadsheet design tool 
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The user need only work within this environment as all the other tabs merely 
provide background calculations, lists and graphs.  The user need only input 
parameters within the relevant “Input Parameter” cells which are unlocked for 
that purpose.  The input data is used iteratively in conjunction with the 
“Rotor/Generator Power vs Rpm” graph as explained in 5.1 and illustrated in 
Figure 5.2.  Another important consideration is to keep an eye on the 
calculated Reynolds Number “Re (calc)” under “Blade Parameters”.  The 
“Rotor Graphic” is merely for visualisation purposes.  The “Output 
Parameters” list all the important results of the design calculations. 
 
 Lift vs Drag Data (Tab 2): 
The tab provides information on lift/drag data for (only) the Naca 4412 airfoil 
profile for Reynolds Number 100 000 to 500 000, illustrated in Figure 6.2.  The 
table provides relevant information for performance calculations. 
 
 
Figure 6.2  Screen shot of airfoil data 
 
Note: The spreadsheet makes exclusive use of airfoil performance data 
obtained from VisualFoil software, courtesy of Dr Patrick Hanley, 
Hanley Innovations (12). 
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 Blade Setting Data (Tab 3): 
The tab provides information for the development of the blade geometry 
output.  The table and graphs, as illustrated in Figure 6.3, work in conjunction 
to optimise the blade geometry. 
 
 
Figure 6.3  Screen shot of blade setting data 
 
 Power Graph Data (Tab 4): 
The tab provides essential data for defining the power characteristic for the 
turbine at wind speeds from 3-12 m/s in 1 m/s intervals.  The tab also takes 
care of the calculation for the actual power curve shown in Figure 5.2.   Some 
of the information used to draw these curves is illustrated in Figure 6.4 
(screenshot). 
 
 
Figure 6.4  Screen shot of power graph data 
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 Blade Shape (Tab 5): 
The function of this tab is purely to provide a visual representation of the rotor 
as displayed on the “Rotor Calculation” tab.   The display is valid for 1-6 
blades.  The information could also be used to determine the blade plan (face) 
area in the pane of rotation (as seen from front-on), which is not included as 
part of the design tool.  The tab is essentially a list of a large set of data points 
that makes up the leading and trailing edges, as shown in Figure 6.5. 
 
 
Figure 6.5  Screen shot of blade shape data 
 
 Thrust Coefficient (Tab 6): 
It is useful to know how much thrust a rotor is experiencing under its design 
condition.  The spreadsheet makes use of empirical data in the form a thrust 
coefficient to calculate this static value, as shown in Figure 6.6. 
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Figure 6.6  Screen shot of thrust coefficient data 
 
 GL-PMG-1800 (Tab 7): 
The research made use of the of the Ginlong GL-PMG-1800 alternator as the 
control for the design of the rotor and verification of the software design tool.  
The tab included all the relevant experimental data as supplied by Ginlong 
(China).  It was assumed that their experimental data supplied was sufficiently 
accurate for the intended purpose.  An image of the spreadsheet tab of the 
experimental data is shown in Figure 6.7. 
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Figure 6.7  Screen shot of alternator performance curves 
 
6.2 INPUT PARAMETERS 
Figure 6.8 shows the input parameters in the spreadsheet design tool which 
forms the basis for the rotor design.  Inputs are for Reynolds Number, Air 
Density, Air Kinematic Viscosity, Number of Blades, Tip Speed Ratio, Rated 
Wind Speed, Blade Radius and Hub Radius.  The hub radius input is purely 
for a representative check on the minimum calculated Reynolds Number and 
as such does not form part of any calculations.  For convenience the 
Reynolds Number, Number of Blades and Tip Speed Ratio inputs can be 
selected from a drop down menu as illustrated in Figure 6.8.  The number of 
blades is restricted to 6, Re to 500 000 and tip speed ratio to 10 in the design 
tool. 
 
As has already been established, the rotor design tool is based on BEMT, and 
relies on an iterative approach.  To start with the Re regime of rotor operation 
is not known until the final calculations have been completed.  Resultantly, 
initially a Re value is guessed, somewhere in the range between 100 000 to 
500 000 allowed for in the spreadsheet.  If the calculated value of the critical 
Re is below the initial guessed value over much of the blade span, a lower 
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value is required.  This can take a few iterations to converge on a suitable Re 
design value. 
 
The working fluid conditions, air density and viscosity, are basically fixed for a 
particular design and are dependent on the altitude of operation.  The slight 
variations, dependant on the atmospheric conditions are deemed to have a 
minor influence on the design and can therefore be ignored.  Values for 
density and viscosity can be read off available tables. 
 
 
Figure 6.8  Screen shot of input parameters 
 
Three-bladed rotors are most commonly used in the design of small HAWT‟s.  
Although there are good reasons for this as discussed in 5.2, it is by no 
means a hard and fast rule.  Anywhere from 2 to 6 blades have been used 
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and this is purely the designer‟s preference.  However the load conditions 
cannot be ignored and therefore need also to be considered in the design. 
 
As discussed in Chapters 4 and 5, a good rotor design is one which best 
corresponds to the alternator load requirements.  The fundamental variables 
which affect rotor performance are illustrated in Figure 5.1, Step 3.  Each one 
of the three variables requires differing degrees of manipulation to converge 
on an acceptable solution, which can therefore take some time.  The benefit of 
the design tool is that it provides a graphical interface (see Figure 5.2 ) which 
displays instantaneous results of the input criteria. 
 
In summary, the instructions corresponding to the Input Parameters are as 
follows (in reference to Figure 5.1): 
 
Step 1 
 Select a suitable Reynolds Number from the drop-down menu; values 
from 100 000 to 500 000, in 50 000 intervals (use an “educated guess” 
initially). 
 Reselect the Reynolds Number if the calculated Reynolds Number is 
below the critical value over too much of the blade span. 
 
Step 2 
 Select a value for air density corresponding to the distance above sea 
level. 
 Select a value for air density corresponding to the distance above sea 
level. 
 
Step 3 
 The adjustable variables in Step 3 are the most significant parameters 
affecting the design of the rotor with the tip speed ratio and blade radius 
being the most crucial.  Consequently, they are used to adjust the rotor 
design to match the alternator performance. 
 Select the number of blades based on the discussion in 5.2. 
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 Select the TSR from the convenient drop down menu, valid up to a 
maximum of 10, in 0.25 intervals.  An increase in tip speed ratio results in 
a faster rotating more slender blade (reduced chord dimensions). 
 Type in a suitable initial blade radius.  An increase in blade radius tends to 
slow the rotor down (for constant TSR) and increase the chord 
dimensions. 
 Small adjustments in either variable are required to converge on a 
suitable design and in most cases there is more than one design solution.  
A good understanding of rotor design theory and some knowledge in 
HAWT mechanics is advantageous in choosing the most suitable design 
solution. 
 Type in the wind speed corresponding to the operating point of the 
turbine.  This does not affect the rotor graphic at all but it does determine 
the overall calculated output power. 
 The hub radius input has no influence on any calculations and it is purely 
for display interest. 
The advantages of the design tool in displaying results in real-time to small 
changes in TSR and blade radius is clearly apparent. 
 
6.3 BLADE GEOMETRY 
A rotor design is only practical if it includes geometric information for 
manufacturing purposes.  Relevant geometric information describes the chord 
length and airfoil angles relative to rotation at varying radii (span) sections.  To 
better understand the geometry data outputted in the “Blade Parameters” 
table, Tab 1 in the spreadsheet, it is good to have a visual representation of a 
typical airfoil section as shown in Figure 6.9.  The two important dimensions 
are the blade setting angle  and the chord length C. 
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Figure 6.9  Airfoil geometric layout 
 
The spreadsheet takes care of the respective calculations and presents the 
blade geometry results in a tabular format (see Figure 6.10).  This is useful 
from an engineering/manufacturing perspective.  The chord lengths and 
setting angles respective to the blade span are presented.  The blade sections 
are split up into equal segments from 0 to the maximum radius (corresponding 
to the input in Figure 6.8).  The displayed values correlate with the design 
TSR.  (The theory presented by W.A.M Jansen and P.T. Smulders (7) relates 
very much to TSR, with both the power coefficient and geometric parameters 
determined as factors of speed ratio).  It can be seen from the tabulated 
values that the blade chord and setting angles vary from a minimum at the tip 
to a maximum at the hub.  This phenomenon is because the rotor is in the 
form of a rotating wing where the blade tapers and twists as a function of the 
radius.  The blade geometric results are calculated as ideal values (non-linear 
taper and twist).  The results can be linearly approximated (more practical for 
ease of manufacture) with a small loss in performance, but this was not 
covered as part of this research project. 
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Figure 6.10  Blade geometry & parameters 
 
The Reynolds Number selected in Step 1 (refer to Figure 6.8) is verified 
through the calculated values “Re (calc)” as displayed in Figure 6.10.  It is 
important to ensure that the calculated Re value is above the “critical” 
selected value in Step 1; at least over most of the blade span (as discussed in 
5.3).  For convenience, values below the critical Re are automatically 
displayed in red. 
 
With this information and the addition of the airfoil section geometry (relevant 
data is widely available for common airfoil types), the rotor model could then 
be easily modelled in a suitable CAD program. 
Blade radius in mm Blade chord in mm 
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Blade setting angle in degrees 
(Refer to Figure 6.9) 
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6.4 DESIGN CONVERGENCE ON STATIC OPERATING POINT 
As discussed in Chapter 4, the aim is to match the rotor and alternator by 
converging on a suitable design, shown as the “SOP Design” (Static 
Operating Point corresponding to the design point) in Figure 6.11. 
 
 
Figure 6.11  Design convergence on static operating point 
Decrease tip speed Increase tip speed 
Increase blade radius 
Decrease blade radius 
Increase nō blades 
Decrease nō blades 
Increase wind speed 
Decrease wind speed 
SOP Design 
Output 
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Because of the alternator efficiency, the actual output drops down to the 
Alternator Output curve, the intersection point labelled “Output”.  The main 
variables and their effects on the performance are listed as follows: 
 
Tip Speed Ratio:  an increase in tip speed ratio shifts the power 
curve to the right (more power).  Conversely, a decrease in tip 
speed ration shifts the power curve to the left (less power). 
 
Blade Radius:  an increase in blade radius increases power.  
Conversely, a decrease in blade radius decrease power. 
 
Number of Blades:  an increase in blade number increases 
torque.  Conversely a decrease in blade number decreases 
torque. 
 
Wind Speed:  Increasing the selected design wind speed 
increases power.  Conversely, decreasing the selected wind 
speed decreases power. 
 
There can be more than one suitable design of rotor for a particular alternator.  
The aim is to converge on a design that best suits the needs and the 
designer‟s preference. 
 
6.5 OUTPUT PARAMETERS 
The Output Parameters table lists a series of results corresponding to the 
operating design point.  A lot of information is listed as shown in Figure 6.12.  
However, not all of this information is important to the outcome and is merely 
shown for information purposes.  The more important outputs are listed as 
follows: 
 Rotor Speed (angular speed of the rotor). 
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 Design Output Power.  This is the rotor power output and not the turbine 
output.  The turbine output reduces to a lower value due to the losses in 
the alternator. 
 Rotor Thrust Force.  This is the total thrust force on the rotor and is 
useful in determining the forces on the tower and in calculating the tail 
furling geometry (if tail furling is used to govern the turbine). 
 Rotor Tip Speed (useful to keep an eye on this as it is not advisable for 
the tip speed to be too high). 
 Rotor Loading.  This provides information on how “efficient” the turbine 
design is in converting wind energy into useful power. 
 
 
Figure 6.12  Screen shot of output parameters 
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Figure 6.13 shows the actual performance output of the turbine, 
corresponding to the static operating point.  The figure shows the output 
power and the rotor speed at the corresponding design wind speed. 
 
 
Figure 6.13  Screen shot of turbine predicted performance 
 
6.6 ROTOR DESIGN FOR RESEARCH VALIDATION 
The design specifications listed in Table 6.1, Table 6.2 and Table 6.3 were 
used to validate the software design. 
 
Alternator Specifications 
Ginlong Technologies GL-PMG-1800 
Type Permanent Alternator / Generator 
Configuration 3 Phase Star Connected AC 
Rated Output 1 800 Watts 
Rated DC Current 6 Amps 
Phase Resistance 5 ohms 
Rated Speed 489 rpm 
Design Lifetime 20+ Years 
Table 6.1  Alternator specifications 
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Rotor Specifications 
Airfoil NACA 4412 
Reynolds Number 200 000 
Angle of Attack 6 
Lift Coefficient 1.017 
Drag Coefficient 0.016 
COP 35% 
Air Density 1.225 kg/m
3
 
Air Kinematic Viscosity 1.5 E-5 m
2
/s 
Number of Blades 3 
Tip Speed Ratio 5.5 
Rated Wind Speed 11 m/s 
Blade Radius 1.3 m 
Rotor Power Output 2 003.45 W 
Rotor Speed 444.41 rpm 
Rotor Torque 43.05 Nm 
Table 6.2  Rotor specifications 
 
Turbine Specifications 
Rated Power Output 1 685 W 
Rotor Speed 444 rpm 
Wind Speed 11 m/s 
Rotor Loading 377 W/m
2
 
Table 6.3  Turbine output specifications (theoretical) 
 
The rotor design corresponds to the graph shown in Figure 6.11; and the 
geometric data is displayed in Figure 6.14. 
 
6.7 REQUIRED CHECKS 
There are two checks required on the convergence of a suitable design as 
follows: 
 
Reynolds Number 
This is crucial and needs to be checked.  The original selection of Re 
determines the performance characteristics of the airfoil and therefore the 
performance of the rotor.  If an unrealistically high Re value is used, the result 
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will be an over-prediction of the rotor performance which is obviously adverse 
to the ultimate turbine performance.  It is therefore a priority to select an Re 
value which aligns to the operating range of the hub (root) section of the blade 
(inner ⅓ of the blade radius).  It is apparent that the rest of the blade, 
particularly the outer ⅓, will be operating in a range above the selected 
minimum Re value.  The consequence would be that the rotor should perform 
better than the theory suggests. 
 
 
Figure 6.14  Screen shot of blade parameters and Re check 
 
Maximum Tip Speed: 
This is not that crucial but it is always a good idea to keep a check on the 
maximum tip speed of the blades; a suggested maximum value is 50 – 65 
m/s.  Rotor noise is mainly attributed to tip speed and therefore a lower tip 
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speed can help to reduce adverse noise.  (Note, noise attributed to adverse 
turbulence which can be caused by fluttering, furling, yawing, and 
manufacturing defects is not discussed). 
 
(A CD software copy of the spreadsheet is attached to the document) 
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CHAPTER 7: MANUAL CALCULATION FOR ROTOR DESIGN 
CHAPTER 7 
MANUAL CALCULATION FOR ROTOR DESIGN VERIFICATION 
 
7.1 ROTOR CALCULATION FOR THEORETICAL OUTPUT POWER 
Calculations performed with the criteria listed in Table 7.1. 
Rotor Design Conditions 
Airfoil NACA 4412 
Reynolds Number 200 000 
Angle of Attack 6 
Lift Coefficient 1.017
1
 
Drag Coefficient 0.016 
COP 35% 
Air Density 1.225 kg/m
3
 
Air Kinematic Viscosity 1.5 E-5 m
2
/s 
Number of Blades 3 
Tip Speed Ratio 5.5 
Rated Wind Speed 11 m/s 
Blade Radius 1.3 m 
Table 7.1  Rotor theoretical design conditions 
 
The rotor power can be calculated by means of the theory described in 
Chapter 4 as follows: 
 
 
 
Where, 
 
 
 
Substituting the design values into the  equation above gives: 
 
                                            
1
 Lift / Drag data obtained from VisualFoil software, courtesy of Dr Patrick Hanley, Hanley 
Innovations (12). 
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Therefore: 
 
 
 
 
This is in close agreement, within 6%, of the spreadsheet values of 
; and .  The difference is attributed to rounding errors 
with the spreadsheet being the more accurate. 
 
It can therefore be concluded that the rotor power calculation is correctly 
calculated in the spreadsheet in terms of the theory used. 
 
The remaining check is to ensure that the calculated Reynolds Numbers over 
the greater blade span are not lower than the assumed Reynolds Number of 
200 E3.  The lowest Re is closest to the blade root; hence the calculation is 
performed at a radius just greater than the hub radius at a value of 236 mm as 
follows: 
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This value is the same as the spreadsheet calculated value.  Also, the value is 
greater than the critical value of 200 E3, so the Reynolds Number assumed 
for the operating conditions is, therefore, valid. 
 
Note: The value of  in the  and  equations is determined graphically 
from equation 3-21 as follows: 
 
 
 
 
Figure 7.1  Blade setting angle vs speed ratio 
TSR = 5.5, ϕ = 6.87° 
SR = 1, ϕ = 30° 
SR = 2.75, ϕ = 13.322° 
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The graph of equation 3-21 is shown in Figure 7.1. 
 
7.2 MANUAL CHECK ON BLADE GEOMETRY 
To further verify that the geometry has been correctly calculated in the 
spreadsheet tool, manual calculations are performed.  It is imperative to check 
this as the blade geometry used for CFD analysis must conform to the correct 
design.  This is also true for the experimental validation whereby the blades 
are manufactured according to the design geometry. 
 
A sample calculation for blade mid span (r = 650 mm) is performed (below) to 
show the underlying theory used to populate Table 7.2: 
 
 
 
 
 
This is in close agreement to the spreadsheet value of 144.07 mm; the 
spreadsheet being more accurate in carrying through the full decimal value in 
the calculations. 
 
The blade setting angle is very easy to determine as it‟s only a function of the 
angle of the relative air velocity over the airfoil ϕ, and the airfoil angle of attack 
α as shown in Figure 6.9.  Therefore, the blade setting angle β for a blade 
mid-span is as follows: 
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Radius 
Speed 
Ratio 
Setting 
Angle 
Chord 
Angle 
Chord Re Calculated 
R (mm) λ ϕ° β° C (mm) Re (calc) 
0 0 60.000° 54.000° 0 0.00E+00 
59 0.250 50.642° 44.642° 177.80 9.28E+04 
118 0.499 42.290° 36.290° 252.97 1.54E+05 
177 0.749 35.420° 29.420° 269.85 1.98E+05 
236 0.999 30.000° 24.000° 260.45 2.29E+05 
295 1.248 25.773° 19.773° 241.00 2.51E+05 
355 1.502 22.460° 16.460° 221.82 2.67E+05 
414 1.752 19.830° 13.830° 202.22 2.78E+05 
473 2.001 17.710° 11.710° 184.65 2.86E+05 
532 2.251 15.975° 9.975° 169.24 2.91E+05 
591 2.500 14.534° 8.543° 155.79 2.96E+05 
650 2.750 13.322° 7.322° 144.08 2.99E+05 
709 3.000 12.290° 6.290° 133.85 3.02E+05 
768 3.249 11.402° 5.402° 124.86 3.04E+05 
827 3.499 10.630° 4.630° 116.91 3.05E+05 
886 3.749 9.954° 3.954° 109.87 3.07E+05 
945 3.998 9.357° 3.357° 103.58 3.08E+05 
1005 4.252 8.827° 2.827° 98.05 3.09E+05 
1064 4.502 8.353° 2.353° 92.98 3.10E+05 
1123 4.751 7.926° 1.936° 88.37 3.11E+05 
1182 5.001 7.540° 1.540° 84.19 3.11E+05 
1241 5.250 7.190° 1.190° 80.39 3.12E+05 
1300 5.500 6.870° 0.870° 76.89 3.12E+05 
Table 7.2  Theoretical calculated values 
As indicated in Table 7.2, the manually calculated values are in close 
agreement with the spreadsheet calculations shown in Figure 6.14.  It could 
therefore be assumed that the blade geometry determined in the spreadsheet 
was accurate in terms of the BEMT theory used and a valid design of rotor for 
the intended purpose. 
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CHAPTER 8: BLADE 3D CAD MODELLING 
CHAPTER 8 
BLADE 3D CAD MODELLING 
 
8.1 NACA 4412 AIRFOIL GEOMETRY 
The NACA 4412 airfoil characteristics were determined by means of 
VisualFoil software, courtesy of Dr Patrick Hanley, Hanley Innovations (12).  
The software predicts the performance characteristics linked to a library of 
airfoils utilising Thin Airfoil Theory.  Information which is important from a CAD 
modelling point of view predicted by VisualFoil, is the airfoil coordinate plot 
(describing the airfoil section profile) and the centre of pressure (point on the 
airfoil chord where the aerodynamic forces act through).  A screen shot of a 
NACA 4412 airfoil with an angle attack of 6° and an Re of 200 000 is shown in 
Figure 8.1 
 
 
Figure 8.1  VisualFoil screen shot 
 
8.2 CAD MODELLING 
The airfoil coordinate plot was imported into the CAD program (Siemens NX8) 
in the form of a text file as a set of points.  The points were then splined to 
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create the upper and lower airfoil profiles.  These profiles were then scaled, 
rotated and arrayed to build up the relevant chord sections (see Figure 8.2) 
corresponding to the blade design parameters shown in Figure 6.14. 
 
 
Figure 8.2  Blade 3D wireframe showing airfoil sections 
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The airfoil sections were aligned with the airfoil section centre of pressure to 
eliminate adverse blade twisting due to off-axis aerodynamic loading.  The 
centre of pressure for the design airfoil was at 35% of the airfoil chord 
(measured from the leading edge), as displayed in Figure 8.1.  The airfoil 
upper and lower sections were subsequently used to create the nurbs 
surfaces describing the blade shape.  Bridge curves were used to blend the 
leading and trailing blade edges to accommodate a smooth transition to the 
hub mounting section.  The surfaces were subsequently sewn to form the 
solid blade model as shown in Figure 8.3. 
 
 
Figure 8.3  Blade 3D rendered view 
 
See Appendix A for full set of detailed layout drawings. 
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CHAPTER 9: CFD 3D NUMERICAL MODELLING 
CHAPTER 9 
CFD 3D NUMERICAL MODELLING 
 
9.1 PURPOSE OF CFD 
CFD 3D numerical modelling as a theoretical simulation instrument was used 
to verify the validity of the spreadsheet design tool.  As the point of interest 
was the singular “Design Point of Operation” (as discussed in Chapter 4), the 
3D CFD modelling was non-transient and therefore significantly simplified.  
The following methodology was used: 
 Full 3D external non-transient flow model 
 Rectangular external computational domain 
 Local rotating region enclosing the rotor 
 Velocity parameter in the flow direction corresponding to the wind speed 
 Torque global goal for convergence 
 Exact CAD blade geometry modelled with sharp trailing edge. 
The parameters were established with reference to the journal article titled „3D 
modelling of a wind Turbine Using CFD‟ by Hartwanger and Horvat (13) and 
with reference to the CFD online web forum (14). 
 
9.2 SOFTWARE AND HARDWARE USED FOR SIMULATION 
Software: 
FloEFD version 11.3.0 for NX8 by Mentor Graphics®. 
 
FloEFD uses a unique, immersed body meshing approach compared to 
traditional industrial CFD software which typically uses body fitted structured, 
unstructured or combination meshes.  The advantage of this approach is that 
a structured Cartesian (immersed body) mesh can be used featuring “cut 
cells” along the geometry surface and are treated according to the boundary 
conditions of the flow surface.  This means that it is possible to place mesh 
nodes optimally to resolve the geometrical features of the problem.  A further 
advantage is that it is possible to increase the mesh density towards the wall 
Chapter 9 CFD 3D Numerical Modelling 
 _____________________________________________________________  
 _____________________________________________________________  
60 
thereby ensuring a satisfactory resolution of the near-wall viscous layer.  The 
Cartesian mesh is simpler, allowing for quicker mesh generation, and the 
mesh generation algorithm is very robust (15). 
 
Hardware: 
Dell PowerEdge™ 2900 Server 
8 x Dual Core® Xeon® 2.0 GHz Processors 
8 GB Ram 
4 x 300 GB Hard Drives 
 
9.3 CFD 3D MODELLING 
The resultant CAD geometry derived from the spreadsheet design tool (for a 
rotor matched to the Ginlong GL-1800-PMG) was modelled. 
 
Calculated Rotor Specifications (Used for Simulation) 
Rotor Diameter 2.6 m 
Power Output 2 003.45 W 
Rotational Speed 444.41 rpm (46.54 rad/s) 
Torque 43.05 Nm 
Table 9.1  Calculated rotor theoretical specifications 
 
Standard atmospheric conditions were modelled with a singular velocity 
parameter representing the fluid (wind) flow over the rotor as indicated in 
Table 9.2. 
 
General Simulation Settings 
Analysis Type External with local rotating region 
Fluid Type Air (gas) 
Flow Type Laminar & Turbulent 
Pressure 101.325 kPa 
Temperature 293.2 K 
Velocity Parameters Velocity in Y direction = 11 m/s 
Turbulence Parameters Turbulence Intensity & Length 
Turbulence Intensity 100% 
Turbulence Length 6.5 m 
Table 9.2  FloEFD general simulation settings 
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Coordinate System 
The geometry was modelled according to the global (absolute) reference 
system with the Y direction corresponding to the direction of fluid flow as 
shown in Figure 9.1. 
 
 
Figure 9.1  3D view of simulation coordinate system 
 
Computational Domain 
The computational domain was determined with reference to Hartwager & 
Horvat (13).  The domain is rectangular as illustrated in Figure 9.2 and sized 
as illustrated in Table 9.3. 
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Computational Domain Settings 
X+ 2.5 m (0.96 x rotor diameter) 
X- 2.5 m (0.96 x rotor diameter) 
Y+ 2.5 m (0.96 x rotor diameter) 
Y- 6.5 m (2.5 x rotor diameter) 
Z+ 2.5 m (0.96 x rotor diameter) 
Z- 2.5 m (0.96 x rotor diameter) 
Table 9.3  Computational domain settings 
 
 
Figure 9.2  Screen shot illustration of computational domain 
 
Local Rotating Region 
A local rotating region was used to simulate the effect of rotor rotation in the 
fluid domain.  A volume region immediately enclosing the rotor was meshed 
as part of the fluid region simulating the rotational flow imparted on the fluid by 
the rotor.  The rotating region was defined by a cylindrical solid of 2.62 m 
diameter and 0.33 m long, with an angular velocity of 46.54 rad/s as shown in 
Figure 9.3. 
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The local rotating region was further utilised to generate a dense local initial 
mesh in the rotor plane.  The high density mesh in this area was required to 
accurately model the flow of fluid over the blade surfaces, thereby ensuring a 
satisfactory resolution of the near-wall viscous layer. 
 
 
Figure 9.3  Screen shot of local rotating region 
 
Global Mesh 
FloEFD is a CFD tool for engineering type applications featuring robust and 
efficient built-in automatic computational meshing tools.  However, a manual 
mesh method was chosen over the automatic mesh settings to achieve a 
sufficiently dense mesh in the computational domain.  With this method the 
mesh was more refined (dense) in the immediate vicinity of the rotor with a 
gradual expansion factor applied outwards towards the mesh boundary.  The 
result was a mesh which was significantly refined for the analysis and the 
optimisation of computational recourses.  This is illustrated in the x-y plane 
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view shown in Figure 9.4.  No overall (cell) mesh refinement factor was used 
for the global mesh. 
 
 
Figure 9.4  Screen shot of global mesh 
 
Local Initial Mesh 
The local initial mesh was generated on the local rotating region solid volume.  
The significantly denser (refined) mesh was necessary to accurately predict 
the flow conditions over the blade surface, thereby ensuring a satisfactory 
resolution of the near-wall viscous layer.  The mesh was generated manually 
with the refinement levels listed in Table 9.4. 
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General Simulation Settings 
Curvature Refinement Level 8 
Curvature Refinement Criterion 0.002 rad 
Tolerance Refinement Level 8 
Tolerance Refinement Criterion 0.0002 m 
Level of Fluid Cell Refinement 4 
Level of Partial Cell Refinement 7 
Table 9.4  General simulation settings 
 
A cut plot (at radius 0.5 m) of the mesh illustrating the high refinement in the 
rotor plane is shown in Figure 9.5 
 
 
Figure 9.5  Local initial mesh 
 
The high level of refinement criterion resulted in a mesh with significant 
geometric similarity for the blade cross-section, as illustrated in Figure 9.6.  It 
was determined through a number of iterations that a significantly higher 
density mesh was necessary to accurately predict the rotor performance.  The 
higher mesh density resulted in a solution which was very close to a mesh 
independent solution. 
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Solving 
The finish conditions used for managing the solution are listed in Table 9.5. 
 
Finish Conditions 
Maximum Refinement Number 0 
Maximum Travels Auto 
Analysis Intervals (Travels) Auto 
Global Goal Average Torque (Y), used for convergence 
Surface Goal 
Force (Y) (applied to leading blade faces), 
not used for convergence 
Table 9.5  Finish conditions 
 
The Torque (Y) was the solution criteria of importance for verification of the 
rotor theoretical performance calculated through BEMT in the spreadsheet 
design tool.  The Surface Goal Force (Y) was merely for comparative interest 
to verify the calculated values and therefore ascertain the validity of the theory 
used in the spreadsheet 
 
 
Figure 9.6  Screen shot of mesh refinement around blade section 
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9.4 CFD RESULTS 
A Torque (Y) global goal was set for the convergence criteria.  A mesh 
independent solution was obtained after 321 iterations and a CPU time of 79 
192 s.  The solution for rotor torque was 38.93 Nm which was within 10% of 
the theoretical values determined by the spreadsheet design tool 
(corresponding to the design point of operation). 
 
 
Figure 9.7  Flow trajectories 
 
Investigating the flow trajectories (particle modelling) through the 
computational domain resulted in an unexpected flow pattern as illustrated in 
Figure 9.7.  It was expected that the flow downstream of the rotor would spiral 
in a fully developed wake over the full rotor diameter and for a significant 
distance downstream of the rotor plane.  It can be seen that this type of 
expected flow pattern was only apparent close to the hub where the blade 
chord was significantly large.  It is not clear why this was the case but it would 
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appear that this was due to FloEFD significantly under-predicting the 
turbulence.  Considering the micro flow calculations required over the blade 
surface area (significantly small compared to the large scale of the domain) in 
comparison to the large computational domain, it is understandable that 
FloEFD appears to significantly ignore the wake turbulence. 
 
The velocity profile does appear to be closer to the expected results.  The 
velocity distribution (illustrated in Figure 9.7 and Figure 9.8) shows a more 
typically expected profile upstream and downstream of the rotor which 
inspires some confidence in the results. 
 
It was found that FloEFD tends to under-predict the rotor performance 
compared to theoretical calculations.  Satisfactory results were only obtained 
through a significant number of iterations.  The number of trial solutions was 
necessary to develop the expertise and experience to better understand the 
physics of the CFD modelling, and, therefore, arrive at a meaningful solution.  
It can be concluded that FloEFD was a valuable tool for the research but the 
computational resources required are significant.  This, coupled with the 
specific expertise required, probably places it outside of the domain of a quick 
and simple tool for small HAWT rotor performance validation/prediction. 
 
FloEFD was developed as an engineer‟s tool for practical CFD problems and 
requires a significantly resource intensive analysis for full 3D modelling.  This 
is illustrated by the two closest solutions as shown Table 9.6.  A 69% increase 
in total mesh density only resulted in a 2% increase in torque.  The conclusion 
was therefore a mesh independent result of sufficient accuracy for the 
simulated validation. 
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Figure 9.8  Velocity cutplot 
 
Preliminary Solution Final Solution % Increase 
Iterations 270 Iterations 321 19% 
CPU Time 39 808 s CPU Time 79 192 s 99% 
Total Cells 2 443 718 Total Cells 4 122 038 69% 
Fluid Cells 1 916 261 Fluid Cells 2 498 709 30% 
Solid Cells  131 178 Solid Cells  614 983 368% 
Partial Cells 396 279 Partial Cells 1 008 346 155% 
Torque Y 38.004 Nm Torque Y 38.926 Nm 2% 
Table 9.6  Simulation results 
 
It was not apparent how FloEFD compares to other industrial CFD software in 
this application.  Comparisons were not drawn as this did not form part of the 
study.  It is conceivable that due to the scale and nature of the problem and 
knowing CFD‟s limitation in accurately modelling the micro boundary layer in 
wind turbine analysis, other CFD software will show similar results. 
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Prior to the analysis, it was expected that CFD would predict a higher torque 
than theoretically calculated as follows: 
 The blade is operating under a higher Reynolds Number over most of the 
span than what was assumed as the minimum (critical) value in 
theoretical calculations.  This means that (in particular) the outer third of 
the blade is running at a higher Reynolds Number, therefore (in theory) 
generating more power than calculated. 
 
The reason that FoEFD was under-predicting compared to the theoretical 
calculations could be attributed to: 
 The theory presented by Jansen & Smulders (7) empirically compensates 
the losses due to a finite number of blades, tip losses and wake rotation 
by adjusting the power coefficient.  It should be understood that this is 
only an approximation and therefore subject to errors – exactly how much 
is not apparent. 
 The lift/drag coefficients output by VisualFoil (12) could be subject to small 
variations. 
 It was likely that FloEFD was under-predicting the results due to 
approximation errors in analysis of the micro boundary layer which was 
significantly small in relation to the rest of the rotor geometry.  (This 
transition from laminar to turbulent flow happens on an almost 
microscopic level compared to the rotor geometry).  It was, therefore, not 
surprising that FloEFD under-predicted the result.  However, the result 
was within 10% of calculated values and could therefore be considered to 
be in good agreement with theoretical values. 
 
It was always understood that to adequately evaluate the spreadsheet design 
tool, an additional validation tool would be required, namely experimental 
testing.  Only then, could more meaningful conclusions be drawn. 
 
A full set of the FloEFD results are attached as Appendix B. 
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CHAPTER 10: BLADE LAMINATE DESIGN & MANUFACTURING 
CHAPTER 10 
BLADE LAMINATE DESIGN & MANUFACTURING 
 
10.1 LAMINATE DESIGN 
The laminate design was modelled as a linear/static simulation in 
Patran/Nastran with reference to the „Fibre Glass Wind Turbine Manufacturing 
Guide‟ by Corbyn and Little (16).  The layup was designed to optimise blade 
stiffness through carbon fibre reinforcement featuring a central spar to further 
enhance bending stiffness.  The various laminate layers and their orientation 
are shown in Figure 10.1 
 
 
Figure 10.1  Blade laminate layup 
 
The material properties of Carbon Fibre, used for the numeric simulation are 
listed in Table 10.1. 
 
The aim of optimising blade stiffness was to restrict the blade deflection 
(bending) to a minimum during free air testing of the turbine assembly.  The 
methodology was that the experimental validation would be more accurately 
reflected by a rigid blade structure.  The exclusive use of carbon as the 
reinforcement, the large number of layers and the use of a central spar all 
contributed to restricting blade deflection caused by aerodynamic loading. 
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Fibre Reinforcement Material Properties 
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Carbon UD 50% 1650
 
94.83 3.01 0.32 946.80 520.74 44.31 
Carbon 0/90 50% 1650 42.40 5.10 0.05 418.86 258.54 51.56 
Layer Layer Thickness 
1 layer 200g/m2 Carbon 0.2 mm 
1 layer 400g/m2 Carbon 0.4 mm 
Table 10.1  Blade laminate details 
 
No dynamic, fatigue or vibration analysis was considered.   
 
10.2 BLADE MANUFACTURING 
The blades were manufactured in a two-part mould machined on a CNC 
router from polyurethane tooling board.  The leading and trailing blade 
surfaces were moulded separately by means of vacuum infusion and bonded 
together after curing.  An overlapping joint was included to increase the 
bonding surface area on the leading edge to ensure a strong joint.  Finally the 
blades were painted using a polyurethane 2K automotive paint finish as 
protection for the non UV stabilised Ampreg 22 epoxy resin. 
 
The laminate design and manufacturing was outsourced to the Technology 
Station based at the Durban University of Technology (DUT).  The laminate 
modelling conducted by Mr Ryan Hamilton and the manufacturing of the 
moulds and blades was completed in the DUT workshop under the 
management of Mr Ebrahim Cassim. 
 
Refer to Appendix C for the laminate analysis report. 
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CHAPTER 11: EXPERIMENTAL VALIDATION 
CHAPTER 11 
EXPERIMENTAL VALIDATION 
 
11.1 METHODOLOGY FOR WIND TURBINE TESTING 
The aim was to test the performance of the turbine in a free air controlled 
velocity stream similar to the work conducted by Larwood, Sencenbaugh and 
Acker (17).  The turbine was mounted on a light delivery vehicle and driven in 
free air to simulate wind flow with the wind velocity governed by vehicle 
speed. 
 
 
Figure 11.1  Experiment layout 
 
The test was for validating the spreadsheet design tool and the subsequent 
verification of the static operating point determined in the theory.  Although 
many measurements were possible, only wind speed, alternator shaft speed 
(rotor rpm) and alternator power output were required for the experiment.  To 
Wind speed measurement 
Shaft speed measurement 
Turbine 
Resistor Load Bank 
3 Phase star connected electrical power measurement 
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eliminate as many losses and variables as possible, electrical power 
measurements were taken directly from the alternator output, between the 
alternator and the resistor load bank as shown in Figure 11.1. 
 
11.2 EXPERIMENTATION ARRANGEMENT 
The turbine assembly was fixed to the vehicle by means of a rigid steel lattice 
structure.  As the test was limited to a free air stream of controlled velocity, 
yawing was eliminated by bolting the assembly to a fixed steel plate.  The 
rotor centreline was mounted sufficiently high above the vehicle to ensure a 
clean air stream thereby minimising the vehicle flow turbulence.  The test was 
conducted in a large warehouse (railway maintenance shed) to further limit 
adverse wind conditions during testing. 
 
Measurements were wind speed, shaft speed and alternator output power as 
follows: 
 Wind Speed 
Wind speed was measured by an RM Young Wind Sentry Set, which can 
measure both wind speed and wind direction (wind direction was not 
required for the experiment and therefore not measured).  The wind sentry 
set was mounted on a 2.5 m long boom which placed it in the free air 
stream sufficiently far from turbulence from the vehicle or turbine. 
 
 Shaft Speed 
Shaft speed was measured with a Hall Effect Zero Speed Sensor supplied 
by the Magnetic Sensor Corporation.  A laser cut steel disk was used as a 
pickup featuring 10 slots (spaced at 36° intervals) to increase measurement 
resolution.  The disk was bolted directly onto the rotor hub with the sensor 
mounted on the alternator. 
 
 Electrical Power 
Electrical power was measured for all three phases (L1, L2 & L3) by 
measuring line voltage (live to neutral) and current individually on each 
phase, calculated as shown in equation (11-1). 
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 (11-1) 
 
Where P is power in watts, V is line voltage in volts, I is line current in amps 
and PF is the power factor.  For all resistive loads, PF = 1. 
 
The total power is the sum of the power in the three individual phases as 
shown in equation (11-2). 
 
 (11-2) 
 
Data capture was by means of a Campbell Scientific CR800 data logger.  The 
base program was compiled by Campbell Scientific South Africa and supplied 
with the logger.  The program was edited and tweaked for the application 
configured to take measurements as shown in Table 11.1. 
 
Measurement Units 
Scan 
Interval 
Measurement 
Instruction 
Wind Speed m/s 2 Sec Sample 
Shaft Speed rpm 2 Sec Sample 
Power 3 Phase Watts 2 Sec Sample 
Power Phase 1 Watts 2 Sec Sample 
Power Phase 2 Watts 2 Sec Sample 
Power Phase 3 Watts 2 Sec Sample 
Line Voltage Phase 1 Volts 2 Sec Sample 
Line Voltage Phase 2 Volts 2 Sec Sample 
Line Voltage Phase 3 Volts 2 Sec Sample 
Current Phase 1 Amps 2 Sec Sample 
Current Phase 2 Amps 2 Sec Sample 
Current Phase 3 Amps 2 Sec Sample 
Table 11.1  Data logger program summary 
 
Refer to Appendix D for a layout of the test rigging and data logging 
arrangement. 
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11.3 RESISTOR LOAD BANK 
In an attempt to mitigate any losses in accuracy in the test results, a 3 phase 
resistance circuit was used to load the alternator.  The 3-phase star 
connected output (L1, L2 & L3) from the alternator was connected to 3 x 500 
Watt resistor elements (230 V) via a main and control circuit specially 
designed for the application.  The control circuit and load bank was designed 
and manufactured by Diverse Power Electrical.  Raw AC output from the 
alternator was measured.  Refer to Appendix E for the relevant control circuit 
design. 
 
11.4 CHALLENGES 
A significant challenge was faced in the measurement of the raw AC output 
from the alternator.  Variation in alternator speed resulted in a significant 
fluctuation in voltage, current and frequency.  The more recognised forms of 
testing AC power require stable voltage and frequency.  This can be achieved 
by means of specialised turbine controllers which rectify the AC voltage output 
to DC and then back to supply constant AC voltage (for grid-connection 
applications).  This adds complexity and potential inaccuracies in an 
experiment and was, therefore, deemed not to be suitable.  An acceptable 
solution was established whereby specialised potential voltage current 
transformers were sourced to provide a linear output voltage proportional to 
the input voltage.  The CS data logger was able to measure wild AC with the 
AC power instruction. 
 
11.5 TESTING 
The ideal test environment would have been in a suitably large wind tunnel 
where the wind and environmental conditions could have been accurately 
controlled.  Such a facility was not available for the experiment, hence the 
adopted methodology of a vehicle “towed” test in a free air stream.  In order to 
minimise adverse wind conditions, the test was carried out in the local 
Transnet Railway sheds.  Figure 11.2 illustrates the test rig and the shed 
where the experiment was conducted.  As a result, the full performance curve 
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could not be tested as the shed only allowed for a 400 metre test length.  
Verification of the full performance curve was, anyway, not a primary objective 
of the experiment and could therefore be conducted as part of a further study.  
The goal of the experiment was to verify the turbine design point.  The 
relatively short “runway” length required fast acceleration to spool the turbine 
up as quickly as possible, allowing sufficient time for a number of 
measurements before having to slow down to a stop. 
 
 
Figure 11.2  Image of experiment setup 
 
After conducting a short safety briefing, the experiment procedure was as 
follows: 
 Drive to furthest point of test track. 
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 Check if everything is secure on the back of the vehicle. 
 Switch on inverter to power the resistor load bank and data logger. 
 Systems check: 
o Data logger communicating with laptop. 
o Data logger functioning. 
o Sensors functioning. 
o Release emergency stop on resistor load cell circuit. 
o Start control circuit to connect resistor load bank. 
 Last safety check around the vehicle and ensure track is clear. 
 Start logger. 
 Accelerate the vehicle up to 40 km/h (corresponding to rated wind speed 
of 11 m/s) to spool the rotor up as fast as possible. 
 Take as many readings as possible (2 sec intervals) at the rated speed. 
 Slow down to a stop, allowing turbine to stop. 
 Engage emergency stop on resistor load bank circuit. 
 Collect data table from logger. 
 
The initial objective was to repeat the experiment at least 4 times to ensure a 
good average of results.  This was, however, not possible because during the 
second run, one of the blades stuck a bird which broke a piece out of the 
leading edge (see Figure 11.4, brake circled in red) thereby prematurely 
concluding the testing.  However, sufficient data was accumulated to verify the 
turbine performance at the rated wind speed. 
 
11.6 RESULTS 
Measurements for power output, rotor speed and wind speed were collected 
to validate the theoretical and CFD results.  As expected, it was not easy to 
regulate the vehicle (wind) speed at a steady 11 m/s.  However, an average of 
the most consistent values over the two tests was acceptably close at 11.45 
m/s.  The results for the two experiments are shown in Figure 11.3.  Test 1 
and Test 2 show consistent results until the bird strike caused the premature 
termination of the second run.  Considering the human error (difficulty in 
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maintaining a contact speed), the power output was relatively consistent 
(relating to the results in Test 1). 
 
 
Figure 11.3  Experimental validation graphical results 
 
Considering the nature of the test methodology, it was deemed acceptable to 
average out the most consistent results for the turbine design output, shown in 
Table 11.2. 
 
Turbine Average Measured Output 
Average Wind Speed 11.45 m/s 
Shaft Speed 496.25 rpm 
Power Output 1447.67 Watts 
Table 11.2  Table of results 
 
In the experiment, the turbine produced less power than predicted and at a 
higher than expected shaft speed.  The results were, however, encouraging 
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as the experiential validation was in quite good agreement with the theoretical 
and CFD predictions. 
 
The full set of data results are attached in Appendix F. 
 
 
Figure 11.4  Image of broken blade due to bird strike 
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CHAPTER 12: CONCLUSIONS & RECOMMENDATIONS 
CHAPTER 12 
CONCLUSIONS & RECOMMENDATIONS 
 
12.1 CONCLUSIONS & RECOMMENDATIONS 
Automation of the BEMT theory as presented by Jansen and Smulders into a 
comprehensive Excel spreadsheet substantially decreases the iteration time 
required for rotor design.  Various theoretical blade options can be configured 
quickly and intuitively compared to performance criteria.  Although the 
research was based only on Naca 4412 airfoil data and a Ginlong GL-1800-
PMG alternator, any number of airfoil and alternators (of known performance) 
can easily be incorporated. 
 
The design tool was validated using two techniques, 3D modelling in CFD and 
experimental validation.  A comparison of the results is shown in Table 12.1. 
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Wind Speed 11 m/s 11 m/s 0% 11.45 m/s 4% 
Rotor Speed 444.41 rpm 444.41 rpm 0% 496.25 rpm 12.4% 
Turbine Power 1 684.81 W 1 523.49 W 9.6% 1 447.67 W 14% 
TSR 5.5 5.5 0% 5.9 7.3% 
Rotor Loading 317 W/m
2 
286 W/m
2 
9.8% 272 W/m
2 
14% 
Table 12.1  Comparison of research results 
 
Full 3D numeric modelling in FloEFD provided a reasonably good match to 
the theoretical values resulting in a variance of 9.6%.  FloEFD tended to 
under-predict the rotor performance compared to the theoretical values.  The 
result was obtained with the highest mesh density possible (that the server 
could solve).  The CFD solution was within reasonable calibration limits. 
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Experimentation was conducted outside of a fully controlled environment.  
Atmospheric conditions and controlled velocity could not be tightly controlled.  
Furthermore, the turbine could not be run for more than a few seconds at its 
design condition due to the short test track.  Considering the unavoidable 
compromises, the performance was also within reasonable limits.  Other 
factors could also have influenced the performance which was not verified as 
part of the research as follows: 
 Ginlong Technologies provided the test data on their GL-1800-PMG 
alternator.  This was used as-is in the design tool.  Actual verification tests 
were not conducted on the unit used.  Also, it is not known what 
performance variations exist (if any) from alternator to alternator 
produced. 
 The blade moulds were manufactured using CNC technology.  However, 
third-party measurement (quality assurance) was not conducted on the 
blades in order to verify manufacturing accuracy.  Although the blades 
were of good quality, a visual inspection did tend to show that the leading 
edge was sharper than it should have been.  It is not known what 
influence this could have had on performance. 
 The load was designed to match the alternator output as closely as 
possible with off-the-shelf components.  The resistance on the elements 
was fixed and no “clever” electronics were incorporated.  It was seen that 
the load conditions had a significant effect on the turbine performance.  As 
the initial elements selected were overloading the alternator; they were 
subsequently swapped for smaller 500 W elements.  However, as a 
compromise, the final resistor load bank and control circuit iteration 
worked very well. 
 Measuring wild AC proved to be very challenging.  Most data logging 
equipment and the respective sensors are designed to measure a source 
with (relatively) constant voltage, current and frequency.  A solution was 
found to measure wild AC.  However, inaccuracies were expected due to 
the large measurement range required.  It would seem that this was the 
first time that this type of measurement had been conducted on a small 
windmill – at least with the CS Data Loggers.  The result from the AC 
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Power in the CS logger is therefore considered to reflect acceptable 
accuracy of actual performance. 
 The turbine was mounted as high as possible above the vehicle as a 
compromise between optimising the wind flow and maintaining adequate 
vehicle dynamics.  Mounting the turbine too high could have had 
disastrous consequences on the stability of the vehicle.  As a result, the 
air flow over the vehicle could have affected the performance to some 
degree. 
 
Critically analysing the results would suggest that the BEMT tended to over-
predict turbine performance.  CFD showed that it could be a useful verification 
tool.  However, it is not an easy or fast tool and no quick answers can be 
expected.  Furthermore, it is hugely resource intensive requiring a large server 
to solve.  The experimental validation posed a significant challenge.  Many 
problems needed to be overcome; particularly optimising the resistor load 
bank to match the turbine performance.  However, once the problems were 
systematically solved, the results proved to be very encouraging. 
 
The initial objective of the spreadsheet design tool was to provide 
manufacturers of small HAWT‟s with a tool to improve rotor designs with a 
resultant improvement in turbine performance.  The reality is that without a 
very good understanding of rotor design and small HAWT operation, the 
design tool has limited value.  However, with skilled use, it has potential for 
substantial validity.  With a more robust theory incorporated into the 
spreadsheet (especially considering blades with multiple airfoil profiles) it can 
potentially have a much larger and more significant impact as a useful design 
tool, even for large scale turbines. 
 
The results from the initial scope of work supports the theoretical design data 
and the validation methodology based on CFD analysis and experimentation.  
The conclusion is that the design tool offers a potentially economical 
methodology for improving windmill design. 
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CHAPTER 13: FURTHER STUDIES 
CHAPTER 13 
FURTHER STUDIES 
 
13.1 SUGGESTED POSSIBLE TOPICS FOR FURTHER STUDY 
 The current research dealt with the rotor and alternator curves in isolation 
and did not look at the prediction of the actual turbine power curve.  For 
further research it is recommended to look at including a prediction for the 
turbine performance curve into the spreadsheet design tool.  It would also 
be beneficial to include a tail furling design tool for rotor over-power 
control.  Validation for turbine performance and furling can be conducted 
experimentally, similar to the current research test procedure. 
 
 A good research topic would be the extended live performance analysis of 
the current wind turbine linked to the grid.  This could provide real data for 
turbine certification and lead to a better understanding of the real value 
and impact of micro/small wind power. 
 
 An interesting topic could be to investigate the viability of micro and mini-
grid installations.  It is believed that there is a very real need for such 
installations in remote rural areas where national grid access is not 
possible.  Research is needed to look at the integration, sizing, operation, 
maintenance, control and the economics of installations; and could 
include wind, solar, hydro, backup generators and other power sources. 
 
 During the research it became evident that there was a need to find new 
methods for manufacturing small wind turbine prototype blades.  Ideally, 
this process needs to be more cost-effective and efficient than current 
methods.  A significant cost is incurred for manufacturing blades which 
are meant as prototypes and may not be used as a final design. 
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